The Bacillus subtilis yts, yxd and yvc gene clusters encode a putative ABC transporter and a functionally coupled two-component system. When tested for their sensitivity towards a series of antibiotics, null yts mutants were found to be sensitive to bacitracin. Real-time polymerase chain reaction (PCR) experiments demonstrated that the presence of bacitracin in the growth medium strongly stimulates the expression of the ytsCD genes encoding the ABC transporter and that this stimulation strictly depends on the YtsA response regulator. The ywoA gene encodes a protein known to confer some resistance to bacitracin on the bacterium. When it was mutated in a null yts background, the ywoA yts double mutant was found to be five times more sensitive than the yts one. We propose that (i) the YtsCD ABC transporter exports the bacitracin; (ii) YwoA, the protein that contains an acidPPc (PAP2 or PgpB) domain, is not part of an ABC transporter but competes with bacitracin for the dephosphorylation of the C55-isoprenyl pyrophosphate (IPP); (iii) the two resistance mechanisms are independent and complementary.
Introduction
In normal conditions, bacteria such as Bacillus subtilis experience drastic changes in environmental conditions. They usually have various systems to ensure detection and subsequent transduction of stimuli generated by modi¢cations of their biotope, so that appropriate response can be developed. This adaptative response often involves two-component regulatory systems (TCS), usually composed of a sensor kinase (HK) and a response regulator (RR), and ABC transporters composed of membrane spanning domain (MSD) and membrane binding domain (MBD) [1^3] .
Each of the B. subtilis yts, yvc and yxd gene clusters contains two operons encoding putative TCS and ABC transporter. In an earlier paper [4] we demonstrated functional coupling between the regulatory and transport systems, with the RR controlling expression of the ABC transporter structural genes. As these last were predicted to be exporter systems, putatively involved in antibiotic excretion, it was of interest to test their possible involvement in antibiotic resistance in B. subtilis strain 168. Accordingly, we have screened a series of yts, yvc and yxd mutants for their sensitivity towards a series of antibiotics. In this paper, we demonstrate that the yts cluster encodes the main system involved in the resistance of B. subtilis to bacitracin.
Materials and methods

Bacterial strains, plasmids and growth conditions
We used B. subtilis 168 [5] as parental strain. Bacterial strains and plasmids used in this study are listed in Table  1 . Complementation in trans was done using the pDG148-Stu plasmid [6] . The BFS48, BFS81, BFS82, BFS83, YXDJd, YXDJLd and BFS235 strains were obtained from the Japanese/European consortium for B. subtilis genome function analysis (BSORF and Micado databases, http://bacillus.genome.ad.jp/ and http://locus.jouy.inra.fr/ cgi-bin/genmic/madbase/progs/madbase.operl).
Escherichia coli and B. subtilis were grown in Luria broth (LB) at 37 ‡C with aeration.
Recombinant strains were grown in medium containing antibiotic at the indicated concentration: ampicillin (50 Wg ml 31 ), erythromycin (0.3 Wg ml 31 ), kanamycin (20 Wg ml 31 ) and spectinomycin (100 Wg ml 31 ). All antibiotics were from Sigma Chemical Co. (St Louis, MO, USA).
Assays of drug sensitivity
Screening for antibiotic sensitivity was done on solid medium. A 50-Wl aliquot of a fresh B. subtilis mid-log phase culture grown at 37 ‡C in LB medium was mixed with 3 ml of 0.55% soft LB medium and poured on top of LB agar. After cooling, 7-mm diameter ¢lter papers carrying the antibiotic were placed on the top agar and the plates incubated overnight at 37 ‡C. The diameters of the growth inhibition areas were compared. The following antibiotics were tested at the amounts indicated (mg per disk), D-cycloserine (0.1), fosfomycin (0. The concentration of antibiotic giving 50% of growth inhibition (IC 50 ) was determined using the microtiter tray assay described by Ohki et al. [7] .
Disruption of ywoA gene
The following primers were used for this purpose: spec1_inv, 5P-CCGACACAGCCAAGCTCGATTTTCG-TTCGTGAATACATG-3P; spec2_inv, 5P-CCAGGAGG-GCACGGATACCAATTAGAATGAATATTTCCC-3P ; ywoA1, 5P-GCTAAAAGGGTGCTGAAAACG-3P; ywo-A2, 5P-TCCGTGCCCTCCTGGAGAGATAGTCCATG-GATTGCTTTA-3P; ywoA3, 5P-GCTTGGCTGTGTCG-GAGTGAGGATCTACGAAGCCATTATC-3P; ywoA4, 5P-GTGCTGACATATTTGCTGTGGA-3P.
A DNA fragment corresponding to the ywoA coding sequence together with about 300 bp of the upstream and 300 bp of the downstream adjacent sequences was ampli¢ed by polymerase chain reaction (PCR) using ywoA1/ywoA4 as primer couple and genomic DNA from B. subtilis 168 as template. This fragment was cloned into the SmaI-digested pJM105 plasmid [8] (carrying the resistance to chloramphenicol). The resulting plasmid pJM105ywoA was used as template for a PCR ampli¢ca-tion using the two divergent ywoA2/ywoA3 primers, which hybridize with the 5P and the 3P ends of the ywoA coding sequence, respectively. The PCR product was treated with T4 polymerase in the presence of deoxythymidine triphosphate (dTTP) yielding a fragment with 5P overhangs and mixed with the spectinomycin (Spec r ) cassette bearing complementary overhangs. This cassette was obtained by PCR ampli¢cation using plasmid pDG1727 DNA as template and spec1_inv and spec2_inv as primers and treated with T4 polymerase in the presence of deoxyadenosine triphosphate (dATP). Both DNA fragments were then submitted to ligation-independent cloning [9] leading to plasmid pJM105ywoA : :Spec r . This plasmid was transformed into B. subtilis 168. Spectinomycin-resistant clones were selected and screened for the absence of chloramphenicol resistance due to pJM105. One such clone was retained and submitted to PCR ampli¢cation with the ywoA1/ywoA4 primer couple, to ensure that the ywoA wild allele had actually been eliminated and replaced by the ywoA: :Spec r mutated allele.
Real-time PCR
RNA preparations, reverse transcription (RT) and realtime PCR experiments were carried out as described previously [4] . Ampli¢cation of 16S rRNA was used for sample normalization using primers listed below. The results of quantitative RT-PCR are expressed as stimulation indices (ratio of relative amounts of RNA obtained in the presence or absence of antibiotic). The following primers were used in real-time PCR assays: ytsC_sg1, 5P-TTGCG-GGATAAATACCCGAA-3P; ytsC_sg2, 5P-GCTCTTCC-AGCGGATGTTCTC-3P; ywoA_sg1, 5P-CATTATGGT-CTTCATCACGGAATA-3P; ywoA_sg2, 5P-CAAACAG-CCAGATTGCCAATAG-3P; 16S_SG1, 5P-AGCCGCG-GTAATACGTAGGTG-3P; 16S_SG2, 5P-CCCCAGTTT-CCAATGACCC-3P.
Results and discussion
A genetically well-de¢ned null mutant of each of the ytsAC, yvcPR and yxdJL genes was tested with the di¡er-ent antibiotics. Only bacitracin was observed to signi¢-cantly a¡ect the growth of yts null mutants ( Table 2 ). The IC 50 for this antibiotic decreases from 355 Wg ml 31 for the parental strain to 6.4 and 7.8 Wg ml 31 for the ytsA and ytsC mutants, respectively (Fig. 1) . Interestingly, all the yts null mutants, including the ytsB and ytsD mutants, give almost the same IC 50 (data not shown). When the ytsA wild allele was introduced in trans in the corresponding mutant, the bacitracin resistance was restored to the level of that of the parental strain. This indicates that YtsA is directly involved in resistance to this antibiotic. A similar result was observed for the ytsC mutant even if the complementation was not total (data not shown).
The observed IC 50 (about 7 Wg ml 31 ) is independent of the yts mutated gene. This indicates that each of the four Yts proteins is equally required to confer bacitracin resistance. As already reported, the YtsA response regulator controls the expression of the ytsCD operon [4] . The fact that the absence of either one of the TCS components led to the same sensitivity to bacitracin as the absence of the ABC transporter itself indicated that none of these proteins is dispensable and that the YtsA seems to be the master regulator of the system.
It was therefore of interest to know whether bacitracin was the stimulus detected by the YtsAB TCS. For that purpose, the parental strain was grown in the presence or absence of this antibiotic. The cells were harvested after 45 min of incubation and total RNA extracted to be used in real-time PCR experiments. Results given as stimulation indices indicated that the presence of bacitracin stimulates 2900 times the ytsC expression ( Table 3) . As expected, when the same experiment was repeated with the ytsA null mutant strain almost no induction could be observed, con¢rming that the stimulation of the ytsC expression observed in the parental strain was depending on the YtsA component. Altogether, these results strongly suggest that the ytsAB operon encodes a TCS involved in the detection of bacitracin and subsequent transmission of this information, and that the ytsCD operon encodes an ABC transport system involved in the resistance to bacitracin, very likely by exporting the antibiotic out of the cell. Ohki et al. [7] have reported the existence in the B. subtilis genome of the ywoA gene encoding a protein homologous to the BcrC protein of Bacillus licheniformis and they have proposed that YwoA is the MSD of an ABC transporter involved in the resistance of B. subtilis to bacitracin. When studying the resistance to bacitracin of a null ywoA mutant we found that (i) although it is almost eight times lower than that of the parental strain, its IC 50 is much higher than that of any of the yts mutants, i.e. 48 Wg ml 31 compared with 6^8 Wg ml 31 (Fig. 1); (ii) the ywoA expression is induced by bacitracin but does not depend on the YtsAB TCS as the ywoA expression is not a¡ected in a ytsA mutant, as demonstrated by realtime PCR experiments (Table 3) . Tests for antibiotic susceptibility were done on solid medium as described in Section 2 using ¢lters with a 7-mm diameter. For a given antibiotic, the diameter of the area with growth inhibition is determined for each strain. Similar results have been repeatedly obtained in several independent experiments. a In the ¢rst column which corresponds to data obtained with parental strain, the diameter of the zone of growth inhibition (in mm) is reported. b In the other columns, for each antibiotic results are reported as the ratio corresponding to the diameter of the area of growth inhibition for a given strain divided by the diameter of the area of growth inhibition for the parental strain. c A slight halo re£ecting a partial growth inhibition is always observed around the ¢lter using this antibiotic.
To check whether the mechanisms of resistance of the YtsCD system and of the YwoA protein are depending on each other, we have constructed a series of double mutants, each carrying a null ywoA allele together with one of the null yts alleles. Disruption of the ywoA gene was done by a double recombination event leading to the deletion of the coding sequence and the integration of the ywoA: :Spec r mutated allele as indicated in Section 2. Results are given for the ytsA ywoA double mutant. Data reported in Fig. 1 indicate that its IC 50 is about six times lower than that of the ytsA single mutant, i.e. 1.1 Wg ml 31 versus 6.4 Wg ml 31 . Whatever the genetic background, however, a yts mutation reduces the IC 50 about 50-fold, whereas a ywoA mutation always corresponds to a six-fold reduction in IC 50 . Taken together, these results indicate that the resistances conferred by the YtsAB system and that conferred by the YwoA protein are complementary, and it is very likely that the two mechanisms are independent.
B. subtilis 168 has two very di¡erent but complementary ways of surviving the presence of bacitracin in the growth medium. The absence of both of them is detrimental to the cells even in the presence of very small concentrations of bacitracin.
The ¢rst is the powerful YtsAB ABC transporter system, which is certainly in charge of exporting the majority of the incoming bacitracin ; in its absence there is a drastic decrease in resistance, as indicated by the strong reduction of the IC 50 for bacitracin of all yts mutants. Accordingly, we propose to rename the ytsABCD genes as barABCD in future work. It is noteworthy that the BarCD transporter belongs to a peculiar group of ABC transporters (subfamily 9 in ABCdb [10] ), few of which were attributed a functional role. Indeed, it is the ¢rst time that a member of subfamily 9 is involved in the resistance directed against peptide antibiotic. Up to now, this function had mainly been attributed to ABC transporters of subfamily 7, such as the EpiEFG system involved in Staphylococcus epidermidis resistance to epidermin [11] , the NisFEG system that confers resistance to nisin of Lactococcus lactis [12] , the SpaFEG and MrsFGE systems respectively responsible for subtilin and mersacidin resistance of Bacillus sp. [13, 14] , and ¢nally the already mentioned bacitracin resistance BcrABC system from B. licheniformis [15] .
The second, the membrane-bound YwoA, only leads to a less pronounced decrease of resistance when deleted in B. subtilis. This protein was predicted to be part of an ABC transporter system mainly on the basis of its similarity with the BcrC protein of B. licheniformis that had been predicted to be an MSD [15] . However, the BLAST program, together with the non-redundant database from NCBI, showed the proteins presenting the highest similarity with YwoA to be membrane-associated proteins found in Firmicutes and Proteobacteria. They present four to ¢ve transmembrane domains and are predicted to belong to the PA-phosphatase family (IPR000326 at InterPro, http://www.ebi.ac.uk/interpro). Indeed, together with BcrC from B. licheniformis and YgjG from E. coli, YwoA possesses a characteristic signature sequence called acidPPc (smart00014), PAP2 (pfam01569) or PgpB (COG0671) depending of the reference database. The PA-phosphatase family comprises more than 400 members spread over most of the living kingdoms, and the phosphatase activity of some of them has been unambiguously demonstrated. Indeed, the E. coli PgpB is a phosphatidyl glycerophosphate phosphatase [16] , the Salmonella typhimurium PhoN [17] and the Zymomonas mobilis PhoC [18] are bacterial acid phosphatases, the Treponema denticola PhoN [19] is a neutral phosphatase, the Saccharomyces cerevisiae AUR1 Fig. 1 . Bacitracin sensitivity of several B. subtilis mutants. Cultures were done as previously described [7] in 96-well titer plate and the OD monitored using a TECAN microtiter tray reader at 620 nm. Bacteria were grown in LB medium until mid-log phase. The culture was split and bacitracin added to one part at a 0.2 Wg ml 31 ¢nal concentration. Both cultures were then incubated for an additional 45 min. Bacteria were collected, total RNA prepared and cDNA synthesized. For each gene mRNA was quanti¢ed using real-time PCR as indicated in Section 2. We used ampli¢cation of 16S rRNA for sample normalization. Results are expressed as stimulation indices corresponding to the ratio of the mRNA amount of a gene expressed in the presence of bacitracin to the mRNA amount of the same gene expressed in the absence of bacitracin. Data are given as mean value from three independent cultures þ standard deviation.
displays an inositol phosphorylceramide synthetase activity [20] , and ¢nally two human phosphatidic acid phosphatases have been characterized [21] . The fact that YwoA as well as other BcrC homologs might have a phosphatase activity is of real importance, given the fact that the antibiotic action of bacitracin is due to its binding to isoprenyl pyrophosphate (IPP), thus preventing its dephosphorylation into isoprenyl phosphate (IP) by speci¢c phosphatase(s). In fact, the E. coli YgjB was shown to lead to an increased bacitracin resistance of the cells when overproduced [22] . The absence, in this bacterium, of BcrA or BcrB analogs able together with YgjB to constitute a fully active equivalent of the BcrABC B. licheniformis system strongly suggests that YgjB might act on its own and like YwoA from B. subtilis might constitute a fully independent way to resist bacitracin. We therefore propose that the intrinsic membrane proteins YgjB and YwoA are not the MSD of ABC transporters, but rather are membrane phosphatases with IPP pyrophosphatase activity, allowing them to compete with residual bacitracin for IPP in order to regenerate the IP. This assumption might be extended to BcrC from B. licheniformis.
We are currently investigating our proposition that BarCD actually exports bacitracin and that YwoA possesses an IPP phosphatase activity.
